Abstract. Azathioprine, a purine analogue, significantly suppressed the purine synthesis de novo of two gouty patients manifesting overproduction of uric acid, as well as three of four gouty patients who showed normal uric acid production. This suppression is taken as evidence that phosphoribosylpyrophosphate amidotransferase, the rate-controlling step in purine synthesis de novo, has a normal sensitivity to feedback inhibitors in the patients who responded to the drug.
Introduction
Numerous studies in the past decade have demonstrated that a significant proportion of gouty patients have a metabolic defect characterized by synthesis of abnormally large quantities of uric acid (1) (2) (3) (4) . The underlying biochemical mechanism responsible for the overproduction of uric acid has not yet been defined, but several hypotheses have been proposed. These are based on biochemical evidence that the rate of purine biosynthesis in bacterial (5) , avian (6) , and mammalian (7) cells is normally under feedback control in which purine ribonucleotides inhibit the activity of phosphoribosylpyrophosphate amidotransferase, the enzyme that catalyzes the first unique reaction of purine biosynthesis. An increased rate of purine biosynthesis could result from a loss of the sensitivity of this enzyme to feedback inhibitors, from a diminished concentration of the normal end products that function as feedback inhibitors, or from an increase in concentration of one of the substrates available for this rate-limiting reaction (8) .
Sorensen found that the excessive purine synthesis of three gouty patients was inhibited by administration of the purine analogue azathioprine (Imuran) (9, 10) , as shown by a decrease in the uric acid content of both plasma and urine. A decrease in the extent of incorporation of glycine-1-14C into urinary uric acid to values in the range found in control subjects provided additional evidence that azathioprine was suppressing synthesis of purines de novo. On the other hand, two normal subjects and one gout patient who produced normal quantities of uric acid showed no significant change in the uric acid content of plasma or urine in response to azathioprine treatment. These results led Sorensen to suggest that azathioprine treatment produces a unique effect on those gouty patients who show overproduction of uric acid. The basis of this selective action of azathioprine is not known, but since azathioprine or its metabolites may act as pseudofeedback inhibitors of purine biosynthesis de novo, these find-1518 ings imply that the regulation of purine synthesis may differ in these two varieties of gout.
In our study the effects of azathioprine on purine synthesis has been determined in three groups of patients in the hope of further characterizing clinical abnormalities of purine synthesis. The patients studied included gouty patients who synthesize excessive quantities of uric acid, gouty patients who produce normal quantities of uric acid, and children with the familial syndrome recently described by Lesch and Nyhan (11) in whom excessive purine synthesis is associated with choreoathetosis, spasticity. mental retardation, and compulsive biting with mutilation of their fingers and lips.
Methods
Purine biosynthesis was assessed in three, ways: (a) by determining the incorporation of isotopically labeled glycine ihto urinary uric acid, (b) by measuring the body pool size and turnover of uric acid using uric acid labeled with a different isotope, and (c) by analyzing for the concentration of uric acid contained in serum and the -total quantity in the daily urine.
Glycine-'5N was synthesized as previously described (12, 13) with an isotope abundance after the addition of carrier of 62.0 at.% excess. Uric acid-2-"C, 12.1 Ac/ -mmole was synthesized, characterized and prepared for injection as described previously (4). Glycine-1-'4C was obtained from Tracerlab (Laboratory for Electronics, Inc., Waltham, Mass.) with a specific activity of 1.33 and 2.44 mc/mmole, and from Nuclear-Chicago with a specific activity of 18.75 mc/mmole. Uric acid-1,3-'5N was obtained -from Isomet Corporation (Palisade Park, N. J.) with a total enrichment of 46.93 at.% excess 'N. It was prepared as the lithium salt in a 5% dextrose solution and sterilized by Millipore filtration for injection. In each -patient the same lot of isotopically labeled material was -used in the control study and in the study conducted during treatment with azathioprine. The isolation of uric acid -from urine and the determination of 1'N and '4C content were performed as previously described (14) . Calculations of the body urate pool and turnover were identical with -those of Benedict et al. (15) . Azathioprine-8-'4C, with -a specific activity of 0.03 mc/mmole, was synthesized by Miss Gertrude Elion and provided through the courtesy of Burroughs-Wellcome & Co. (Tuckahoe, N. Y.). The uric acid content of serum and urine was determined 'by a specific enzymatic procedure (16) . Urinary and plasma oxypurines were determined by enzymatic conver--sion to uric acid (17) . The creatinine content of all -urine collected was determined by the method of Taussky (18) .
The patients were admitted to the hospital and main--tained on a diet essentially free of purines which con--tained 2600 cal, 70 g of protein, 350 g of carbohydrate, and 100 g of fat for at least 4 days before studies were initiated and throughout the study period. All urine was collected at room temperature, using 3 ml of toluene as preservative for each 24-hr collection. All gouty subjects had been hyperuricemic while on their regular diet and had experienced typical episodes of acute gouty arthritis in the past. They ranged in age from 27 to 67 yr. Subjects D. F. and F. H. had the typical features of hyperuricemia, compulsive biting with self-mutilation, choreoathetosis, spasticity, and mental deficiency described initially by Lesch and Nyhan (11) 92611 >100 * Corrected for the conversion of azathioprine to uric acid (Table III) ,uc of uric acid-2-"C intravenously as the lithium salt. The latter subject, T. B., received 2.5 jsc of glycine-1-"4C orally and uric acid-1,3-'5N intravenously, as described above, and results obtained were corrected to a standard dose of 5.0 /c. Patients R. L., R. McJ., and B. P. were given 10.8 /Ac of azathioprine-8-14C orally with breakfast and the recovery of "4C in urinary uric acid was followed for the next 7 days. The dose of isotopic azathioprine administered had no discernable effect on serum and urinary uric acid content.
Studies of the metabolic fate of 6-mercaptopurine-6-3S
in man (20) have shown recovery of up to 20% of the administered 'S in urinary sulfate. The purine formed as a result of sulfur removal should be readily converted to uric acid and excreted in the urine. Evidence of such a conversion was obtained by administering azathioprine-8-14C 2 the nitromethylimidazolyl derivative of 6-mercap2Elion, G. B., W. N. Kelley, and J. E. Seegmiller.
In preparation.
topurine to three patients, R. L., B. P., and R. McJ. and after the recovery of "4C in urinary uric acid (Table III ). This recovery value was then used to calculate the amount of uric acid formed from the unlabeled azathioprine and to correct the urinary uric acid for this contribution. In the three gouty subjects not studied with azathioprine-8-'4C, the appropriate corrections for conversion of azathioprine to uric acid were made by assuming that patients with apparently similar derangements in purine metabolism would show similar conversions of azathioprine to uric acid (Table I ). The uncorrected values were used in all isotope calculations. Although the uric acid contributed from azathioprine would tend to lower the specific activity of urinary uric acid it would not alter the cumulative recovery of isotope from administered glycine into the uric acid of the urine.
In those cases where the control study was followed by a repeat administration of isotope during azathioprine treatment, it was necessary during the second part of the study to correct for the residual isotopic contribu-tion resulting from the first portion of the study. This was accomplished graphically by extrapolating the curve which related the specific activity of the uric acid as a function of time in the first study through the second study period, and subtracting this value as a background to obtain the corrected values for isotope enrichment (Fig. 3) .
Results
As depicted in Table I McJ. in whom a value of 99% was obtained.
Although the serum urate tended to fall slightly (0.9-1.7 mg/100 ml) from the control period to the end of the treatment period in three of the four normal producers, the effect was much more striking in the overproducers studied, with decreases of 3.7 and 3.2 mg/100 ml. As shown in Fig. 1 drug, and recovery seemed to be complete 24 hr after stopping the drug. We found no evidence of an "overshoot" during the postazathioprine period.
The data expressed in Table I demonstrate that the basal uric acid excretion in the two patients studied with the Lesch-Nyhan syndrome is very high, as previously reported (11 mg/100 ml, and a slight increase in F. H., 0.9 mg/ 100 ml. Fig. 2 shows the daily excretion of uric acid and the serum urate values of patient D. F. before and during azathioprine treatment and is compared to data (uncorrected) obtained under the same conditions in a gouty patient B. P. who produces excessive quantities of uric acid (Fig. 1) .
As noted in Fig. 3 , azathioprine administration produced a marked reduction in the specific activity and a distinct alteration in the pattern of (Table I) . In contrast to the results obtained in five of the six gouty patients, both patients with the LeschNyhan syndrome showed no effect of azathioprine on the incorporation of glycine-1-14C into urinary uric acid (Table II) . The maximum specific activity of uric acid in the control studies was achived in both patients F. H. and D. F. during the 6-12 hr period after glycine administration with values of 23,500 and 20,300 dpm/mmole, respectively. Likewise, the pattern of decline in specific activity with time and the failure of azathioprine to substantially change this pattern was similar in both patients. The results obtained with patient D. F. are shown in Fig. 3 . The percentage of glycine-1-14C recovered in urinary uric acid over a 7 day period was substantially greater than Table III . Patient B. P. who produced excessive quantities of uric acid had a lower peak on the 1st day but somewhat higher values for the remainder of the study period when compared to patient R. L. who produced uric acid in a normal manner. The greatest conversion of azathioprine to uric acid was observed in patient R. McJ. who was resistant to the effects of this drug on purine synthesis despite his normal uric acid production. Table IV demonstrates the well-known findings that the average gouty patient has an expanded urate pool size and that overproduction of uric acid in gouty patients is reflected in a significantly greater daily turnover of uric acid. In addition, the two patients with the Lesch-Nyhan syndrome also had an expanded pool size with a very high -turnover rate, as noted previously (8) . Calculated on a weight basis, the daily turnover in patients D. F. and F. H. was six to seven times that noted in gouty overproducers of uric acid. Azathioprine treatment produced variable effects on urate pool size and turnover. Table V shows that azathioprine treatment resulted in no increase in the urinary or plasma oxypurines to account for the decrease in uric acid formation or excretion observed in some of the patients. In fact, a slight decrease in these values during azathioprine administration was observed in some patients.
The administration of azathioprine as described above resulted in no significant alterations of hematocrit, hemoglobin concentration, white blood cell count, platelet count, serum protein electrophoretic pattern, liver function tests, or renal function tests. There did appear to be a gradual reduction of reticulocytes during the period of drug administration in every case. Patients B. P. and J. F. who received the agent for a longer period of time did note some degree of nausea and anorexia, but in neither case was this severe enough for the patient to request termination of the study. No complications resulting from the presumed transient immuno-deficient state were observed.
Discussion
The findings reported by Lesch and Nyhan (11, 21) that three children with the clinical syndrome characterized by hyperuricemia, self-mutilation, and choreoathetosis showed overproduction of uric acid, overincorporation of isotopic glycine into urinary uric acid, and an expanded urate pool 1525 size with an increased urate turnover rate, have been supported in the present study of two additional patients. The rate of purine synthesis de novo estimated by determining the incorporation of an isotopic purine precursor, glycine-1-'4C, into urinary uric acid was approximately 15 times greater in these two patients than in seven normal adults. The values obtained by Lesch and Nyhan (11, 21) were over 200 times greater than the values they found in three control children of similar age who were mentally retarded. This discrepancy is due to differences in the control groups, since the isotope recovery values of 2.49 and 3.16% (Table II) obtained in patients D. F. and F. H. are quite comparable to the values ranging from 2.0 to 2.4%o reported by Lesch and Nyhan in three affected children. The extent to which the disparity in the control values can be attributed to the differences in the route of isotope administration, position of the 14C label in the glycine molecule, or types of control subjects studied is difficult to assess.
In our study azathioprine administration suppressed purine biosynthesis de novo in two gouty patients who had overproduction of uric acid as reflected by the reduction in ,basal uric acid excretion and diminished incorporation of isotopic glycine into urinary uric acid. These results are in agreement with those reported by Sorensen (9, 10) . However, our results differed from Sorensen's in that three of our four gouty subjects with normal uric acid production also showed an inhibition of purine synthesis de novo with azathioprine administration. The administration of azathioprine to two patients with the complete syndrome of hyperuricemia, mental retardation, spasticity, self-mutilation, and choreoathetosis, and to one patient with otherwise typical primary gout led to no detectable change in purine synthesis as measured by both balance and isotopic techniques. Sorensen also noted a similar resistance to the effects of this drug in a child who had excessive uric acid production but little or no neurological findings (22) .
The uric acid formed from degradation of azathioprine constitutes a significant portion of the 24 hr excretion in gouty patients who produce normal quantities of uric acid and, therefore, tends to mask the decrease in purine synthesis produced by azathioprine (Table III) . This consideration may well account for the reported failure of azathioprine to inhibit purine synthesis as revealed in daily uric acid excretion in two normal subjects and one gout patient whose uric acid production was in the normal range (9, 10) . The increase in total uric acid excretion (uncorrected) which occurred in patient R. McJ. during azathioprine treatment (Table I ) without any change in glycine incorporation into urinary uric acid is readily explained by the conversion of greater than 25% of the administered azathioprine to uric acid. The extent to which an accelerated degradation of azathioprine may contribute to the increase in urinary uric acid observed in patients D. F. and F. H. remains to be determined. This conversion also complicates the interpretation of the effects of azathioprine on urate pool size and turnover. These difficulties in interpretation are compounded by the lack of constant equilibrium conditions throughout the study, as well as possible additional pharmacological actions of azathioprine.
The purine analogue 6-mercaptopurine and some of its substituted thioether derivatives, such as azathioprine, are potent inhibitors of purine synthesis in bacterial cells, in mammalian tumor cells, and in human fibroblasts (23) (24) (25) (26) .3 The ribonucleotide of 6-mercaptopurine is a very effective inhibitor of phosphoribosylpyrophosphate amidotransferase (27) . However, the precise mechanism of inhibition of uric acid synthesis produced by these agents is not fully established. Enzymes involved in purine metabolism that have been shown in various systems to be inhibited by 6-mercaptopurine include: phosphoribosylpyrophosphate amidotransferase (27, 28) ; adenylosuccinic acid synthetase (29, 30) ; adenylosuccinase (31, 32) ; hypoxanthine-guanine phosphoribosyltransferase (33); inosine phosphorylase (34); xanthine oxidase (35); glycinamide ribonucleotide transformylase (36); 5-amino-4-imidazolecarboxamide ribonucleotide transformylase (36) ; and inosinic acid dehydrogenase (29, 30, 37, 38) . These potential sites of inhibition are indicated in Fig. 4 (39) .
These findings thus suggest that excessive uric acid formation in the gouty patients studied does not result-from an alteration in the sensitivity of the phosphoribosylpyrophosphate amidotransferase to feedback inhibition at the allosteric sites on the enzyme responsible for its inhibition by this group of compounds. A similar conclusion has been reached in recent studies in which exogenous adenine-13C has been shown to inhibit the de novo purine pathway equally in both varieties of gout.4 The remaining possibilities that excessive purine synthesis in gouty patients may be the result of a diminished concentration of purine ribonucleotides that function as feedback inhibitors or an increase in concentration of substrates for the rate-limiting enzyme cannot be resolved in our study.
The lack of inhibition of purine synthesis de novo in response to azathioprine observed in the two patients with the Lesch-Nyhan syndrome, D. F. and F. H., implies that they differ biochemically from the gouty patients studied. Although the exact mechanism of this resistance cannot be deduced from the data presented, the possibility that it may be directly related to an aberrant control mechanism in these patients is apparent. The demonstration of a deficiency in the enzyme hypoxanthine-guanine phosphoribosyltransferase (PRTase) in these patients provides a biochemical explanation for their failure to respond to azathioprine (40) . The missing enzyme is required for conversion of 6-mercaptopurine presumably derived from azathioprine to the ribonucleotide form necessary for its function as a feedback inhibitor of purine synthesis. A partial deficiency of this enzyme (0.5-10% of normal) has recently been described in five gouty subjects who produce excessive quantities of uric acid (41) . As would be expected azathioprine had no effect on purine synthesis in two of these patients. An additional primary defect at the level of the rate-limiting enzyme in purine biosynthesis de novo, phosphoribosylpyrophosphate amidotransferase, is probably not the cause of the excessive purine synthesis observed in the patients with the Lesch-Nyhan syndrome, since the initial steps of purine synthesis studied in vitro with fibroblasts obtained from these patients can be inhibited by another purine analogue, 6-methylmercaptopurine riboside. 3 Patient R. McJ. noted to be resistant to the effects of azathioprine on purine synthesis appeared otherwise at the time of these studies to have typical gout with production of uric acid in the normal range. Erythrocyte PRTase activity was normal, indicating that this resistance to azathioprine occurred by a mechanism different from that demonstrated in patients with the Lesch-Nyhan syndrome. Clinically, he in no way resembled these patients and careful review of the family with the patient failed to reveal features characteristic of this syndrome in other family members. Preliminary studies with azathioprine-8-14C suggest that an increased catabolism of this purine analogue may contribute to the resistance observed (Table III). Since completion of these studies this patient has developed overt polycythemia vera providing a clinical difference from the other gouty patients.
Azathioprine has proven to be a valuable investigative tool with which to evaluate the control of human purine metabolism in vivo. The variation observed in response to this drug has provided new insight into the biochemical aberrations present in some of these patients, as well as further evidence for the heterogeneity of such disorders.
